Abstract. The present study demonstrates the efficacy of utilizing TLR9 (toll-like receptor 9) agonism as a potential therapy for colon cancer. We examined the effects of two types of TLR9 agonists: a traditional CpG oligonucleotide and a novel immunomodulatory oligonucleotide in models of colon cancer, both alone and in combination with conventional cancer therapies. Because the tumor suppressor p53 is involved in many anti-cancer pathways, and is mutated in more than 50% of cancers, we determined whether p53 is necessary for the antitumor effects observed following treatment with TLR9 agonists. We also established that colon cancer cells express TLR9, which has not been demonstrated previously. The effects of TLR9 agonism on the growth, proliferation and apoptosis of colon cancer cells in vitro was then examined. We report five major discoveries: i) TLR9 agonism results in significant activity in models of colon cancer, ii) TLR9 agonists increase the anti-tumor effects of radiation and chemotherapy, iii) p53 is not required for the anti-cancer effects of TLR9 agonism, iv) human colon cancer cells express TLR9, and v) TLR9 agonism leads to decreased cell survival and proliferation and induces apoptosis of colon cancer cells in vitro. These results provide a basis for future studies determining the potential of utilizing TLR9 agonists for human colon cancer therapy.
Introduction
Colon cancer is the third most common cancer in the USA, and is the second and third leading cause of cancer death in men and women, respectively (1) . It is estimated that 112,340 new cases of colon cancer will have been diagnosed in the US in 2007, and that more than 52,180 people will have died of the disease (1) . Progress has been made in the past few decades due to increased screening and public awareness, as well as because of the many molecular and genetic discoveries made, however, the incidence and mortality of the disease remain high. The predominant treatment strategy for colon cancer is surgical resection, although other therapies, ranging from traditional cytotoxic chemotherapy with oxaliplatin and 5-fluorouracil or irinotecan, to monoclonal antibodies targeting VEGF (vascular endothelial growth factor) or EGFR (epidermal growth factor receptor) are also currently being used. Other specific molecular therapies are in the pipeline, including hormone therapy, therapy targeting growth factors, imatinib mesylate (Gleevec) targeting the BCR-ABL fusion, and therapy with natural compounds such as resveratrol (2) . However, despite these advances, colon cancer still has a high mortality rate, and new therapeutic approaches are urgently needed.
Bacterial DNA and synthetic oligonucleotides containing unmethylated CpG motifs (CpG oligos) activate the immune system via toll-like receptor 9 (TLR9), a pathogen-associated molecular pattern recognition receptor (3, 4) . TLR9 belongs to a family of proteins that recognize a variety of pathogenic molecules, including lipopolysaccharide (TLR2/4), flagellin (TLR5), dsRNA (TLR3) and of particular interest for this study: bacterial, plasmid and synthetic DNA (TLR9) (5, 6) . Expression of these receptors has been observed in immune cells, particularly B cells and dendritic cells (3) (4) (5) (6) (7) , and their stimulation leads to the activation of a complex signaling cascade terminating in NF-κB and AP-1 mediated gene expression (8, 9) . Unlike most of the other TLRs, TLR9 is not expressed at the cell surface. Instead, it is localized within endosomal compartments or the Golgi complex, which may act to prevent its recognition of 'self' DNA (10) .
Stimulation of TLR9 with bacterial/plasmid DNA or synthetic CpG oligos results in the production of various cytokines and chemokines, including IL-12, IL-6, IFN α/ß, and IFN-γ (11) (12) (13) . A number of studies have indicated that administration of TLR9 agonists to animals can lead to antitumor effects including decreased tumor growth, increased animal survival, and in some cases, complete eradication of the tumor (14) (15) (16) (17) (18) . Bacterial DNA, CpG oligos and other TLR9 agonists are currently being investigated in human clinical trials for cancer and other indications (19) (20) (21) .
TLR9 agonists containing synthetic immunostimulatory motifs and novel DNA structures have been reported (13, 22) . These novel TLR9 agonists have been the subject of extensive studies of their immunostimulatory profiles, and have demonstrated potent increases in immunostimulatory cytokine and chemokine production (23) (24) (25) (26) (27) (28) . Moreover, these agents have been shown to have anti-tumor activity in several in vitro and in vivo models of cancer (18, 28) .
The tumor suppressor p53 is integral to numerous cellular processes, including cell cycle progression and apoptosis, as well as the response to cancer therapies (29, 30) . More than 50% of human cancers have mutations to p53 (loss or gain of function), and numerous studies have been accomplished to decrease the activity of mutant p53, or to increase the activity of wt p53 (29, 31) . These studies have shown the importance of the molecule and the need for wt p53 expression in order to obtain an optimal therapeutic response (32, 33) .
In the present study, we evaluated both a CpG-containing oligonucleotide and a novel synthetic TLR9 agonist in models of human colon cancer alone and in combination with conventional cancer therapies. We evaluated the expression of TLR9 within colon cancer cells, and the direct effects of TLR9 agonism on colon cancer cells in vitro. Finally, we investigated the importance of p53 to the response to therapy with a TLR9 agonist.
Materials and methods
Reagents and chemicals. All chemicals and solvents were of the highest analytical grade available. Cell culture media, fetal bovine serum (FBS); phosphate-buffered saline (PBS), sodium pyruvate, non-essential amino acids, penicillinstreptomycin and other cell culture supplies were obtained from the Comprehensive Cancer Center Media Preparation Shared Facility, University of Alabama at Birmingham. Taxotere was purchased from Aventis Pharmaceutical Products Inc. (Bridgewater, NJ). Matrigel basement membrane matrix was obtained from Becton-Dickinson Labware (Bedford, MA).
The conventional CpG oligonucleotide -5'-CTATCTG ACGTTCTCTGT-3' and synthetic TLR9 agonist -5'-TCTG TCRTTCT-X-TCTTRCTGTCT-5' (where R and X stand for 2'-deoxy-7-deazaguanosine and a glycerol linker, respectively), and a control non-stimulatory oligonucleotide -5'-TCTCAC CTTCT-X-TCTTCCACTCT-5' were synthesized, purified, and analyzed as previously reported (27) . Human cancer xenograft models were established using the methods reported previously (34) (35) (36) . Briefly, when confluence reached 80%, cultured LS174T, DLD-1 and HCT116 cells were harvested from monolayer cultures, washed with the serum-free medium described above and resuspended in the same medium with Matrigel ® basement membrane matrix at a 3:1 ratio, then injected subcutaneously (s.c.) into the left inguinal area of nude mice. All animals were monitored for activity, physical condition, body weight, and tumor growth. Tumor growth was determined by caliper measurement in two perpendicular diameters of the implant every other day. Tumor weight (in g) was calculated by the formula, 1/2a x b 2 where 'a' is the long diameter and 'b' is the short diameter (in cm).
Treatment of animals with oligonucleotide alone or in combination with chemotherapy.
The animals bearing human cancer xenografts were randomly divided into various treatment groups and a control group (5-10 mice/group). The untreated control group received physiological saline (0.9% NaCl) only. The oligonucleotides dissolved in physiological saline (0.9% NaCl) were administered by s.c. injection at doses of 0.1-2 mg/kg/day, 3 doses per week. The treatment schedule was as follows: LS174T and DLD-1 models: the CpG oligo and synthetic TLR9 agonist were administered by s.c. injection at a dose of 0.1, 1.0 or 2.0 mg/kg three doses per week beginning when palpable tumors were established (mean tumor size 91 mg). For the combination treatment study in the LS174T model, the CpG oligo or synthetic TLR9 agonist was administered by s.c. injection at a dose of 1.0 mg/kg on days 0, 2, 4, 7, 9 and 11. Paclitaxel was given by intraperitoneal (i.p.) injection at 10 mg/kg on days 0 and 3. Taxotere was given by i.p. injection at 15 mg/kg on days 0 and 7. HCT116 model: each of the four HCT116 cell lines had a different genetic background, and the parental (p53 +/+ , p21 +/+ ), p53 knockdown, p21 knockdown and p53/p21 double knockdown cells were used to generate in vivo xenograft tumors. When palpable tumors were established (mean tumor size 77 mg), the synthetic TLR9 agonist and control oligo were given at 1 mg/kg by s.c. injection, 3 doses per week for 3 weeks.
In vivo combination treatment with the synthetic TLR9 agonist and radiation. Mice bearing HCT116 xenografts (parental and p53 knockdown cells) were randomly divided into multiple treatment groups, in addition to a control group (5 mice/group). The synthetic TLR9 agonist was selected for these studies based upon its greater activity. The TLR9 agonist (1 mg/kg) and control oligo were administered following the same treatment protocol as above. Mice receiving radiation treatments were first anesthetized with 70-100 μl of a mixture of ketamine (20 mg/ml) and xylazine (20 mg/ml) at a 6.7:1 ratio and then placed under a lead shield designed to expose only the tumors to the radiation beam. γ-irradiation was administered by a 60 Co Picker unit irradiator (JL Shepard Co.; Glendale, CA) (1.56 Gy/min). Animals received 10 Gy of radiation on days 3 and 10. Mice in the combination treatment groups were pre-treated with the TLR9 agonist or the control oligo 4 h prior to γ-irradiation.
Detection of TLR9 in cancer cells. HCT116 parental and derivative cells and DLD-1 cells were evaluated for TLR9 mRNA and protein expression according to previously described protocols (37) . In brief, total RNA was extracted with the TRIzol reagent (Invitrogen) and used as a template to generate cDNA. The TLR9 cDNA was specifically amplified using primers as reported by Bauer et al (38) . The TLR9 and ß-actin protein levels were evaluated by Western blotting using an anti-TLR9 antibody from Calbiochem/EMD Biosciences (Cat no. OP185) following procedures described previously (35, 36) .
Cell survival assay. The percentage of cell survival (HCT116 parental and p53 kDa) was determined using the MTT assay. The cells were exposed to the synthetic TLR9 agonist or the control oligo (0, 1, 5, 10, 50, 100 nM) with or without Lipofectin (Life Technologies, Gaithersburg, MD; 7 μg/ml) for 48 h. The cell survival percentages were calculated by dividing the mean OD of TLR9 agonist-containing wells by that of control wells. Three separate experiments were accomplished.
Detection of apoptosis. Cells in early and late stages of apoptosis were detected with an Annexin V-FITC apoptosis detection kit from BioVision (Mountain View, CA). Cells were transfected with the TLR9 agonist (100 nM) or control oligo (100 nM) and incubated for 24 h prior to analysis. Media and cells were collected and washed with serum-free media. Cells were then re-suspended in Annexin V binding buffer followed by addition of Annexin V-FITC and propidium iodide (PI). The samples were incubated in the dark for 5 min at room temperature prior to analysis. Samples were analyzed using a Becton-Dickinson FACSCalibur instrument (Ex = 488 nm; Em = 530 nm). Cells that were positive for Annexin V-FITC alone (early apoptosis) and Annexin V-FITC and PI (late apoptosis) were counted.
Cell proliferation assay. BrdUrd incorporation into cells was accomplished using a cell proliferation assay kit from Oncogene (La Jolla, CA). Cells were seeded in 96-well plates and transfected with the TLR9 agonist (100 nM) or the control oligo (100 nM) for 24 h. BrdUrd was added to the medium 10 h before terminating the treatment. The level of BrdUrd incorporated into cells was quantified by anti-BrdUrd antibody, and absorbance was measured at dual wavelengths of 450/540 nm with an OPTImax microplate reader (Molecular Devices, Sunnyvale, CA).
Data and statistical analysis. The anti-tumor activity (as measured by differences in tumor mass) was expressed as mean and standard deviations, and the significance of differences was analyzed by χ 2 and ANOVA analyses.
Results

TLR9 agonism decreases the growth of xenograft colon tumors.
Both the CpG oligo and the synthetic TLR9 agonist had a significant inhibitory effect (P<0.05) on tumor growth in nude mice bearing human colon cancer LS174T or DLD-1 xenografts. In the LS174T model, the CpG oligo inhibited tumor growth at all doses administered, and demonstrated a trend toward a dose-response. Mice receiving 0.1 mg/kg/day 3 times/week showed tumor growth inhibition by 24% on day 12, those receiving 1.0 mg/kg/day showed 37% tumor growth inhibition, and those receiving 2.0 mg/kg/day showed 45% tumor growth inhibition (Fig. 1A) . The synthetic TLR9 agonist demonstrated greater anti-tumor effects. Administration of 1.0 mg/kg/day of the TLR9 agonist three times/week led to >68% inhibition of tumor growth on day 12 after initiating treatment (Fig. 1A) .
To demonstrate that the effects of the CpG oligo and synthetic TLR9 agonist were not confined to the LS174T model, another model of human colon cancer with a different genetic background was used. Animals bearing DLD-1 xenograft tumors showed a similar response to treatment with the CpG oligo and TLR9 agonist as did animals bearing LS174T tumors. The CpG oligo inhibited tumor growth by 67%, while the TLR9 agonist inhibited tumor growth by 65% ( Fig. 1B) on day 15 . Notably, a lower dose of the synthetic TLR9 agonist was required to achieve a similar effect (65 and 67% growth inhibition) as the CpG oligo.
TLR9 agonism acts in concert with conventional chemotherapy.
Current cancer therapy in the clinic typically centers on the use of two or more agents in combination. In order to investigate whether a TLR9 agonist could be combined with a chemotherapeutic agent to further decrease tumor growth, we combined the CpG oligo and synthetic TLR9 agonist with the chemotherapeutic agents paclitaxel and taxotere. Combining taxane chemotherapy with TLR9 agonism led to significant inhibition of the growth of LS174T colon cancer xenograft tumors (P<0.01). The CpG oligo led to an increase in the anti-tumor efficts of paclitaxel on day 12, increasing tumor growth inhibition from 34 (paclitaxel alone) to 50% (combination of the two agents) (Fig. 2A) . Growth of tumors from the group receiving both the TLR9 agonist and taxotere was inhibited by ~80%, while tumor growth from groups treated with the TLR9 agonist or taxotere alone was inhibited by 56 and 52%, respectively (Fig. 2B) . These results confirm that a TLR9 agonist can be combined with chemotherapy to improve the anti-cancer response.
The TLR9 agonist inhibits the growth of colon cancer xenograft tumors, independent of p53. p53 is an important cell cycle regulatory molecule that mediates the response of normal and tumor tissue to stress and treatment with various agents (33, 39, 40) . Moreover, p53 is frequently mutated in human cancers, suggesting that many tumors do not respond normally to treatment with cytotoxic and therapeutic agents. Having observed that the TLR9 agonist was effective alone and in combination with taxotere, and having observed no significant differences in the response to the TLR9 agonist in the two xenograft tumor types, we further evaluated the effects of the TLR9 agonist in another model of colon cancer to confirm its anticancer effects and determine whether p53 is important for the effects of the TLR9 agonist. The synthetic TLR9 agonist was evaluated in HCT116 xenograft models with differential expression of both p53 and p21 in order to confirm that wildtype p53 is not required. Cells with different expression of p53 and p21 [parental HCT116 cells (p53 +/+ , p21 +/+ ); p53 knockdown (p53 -/-, p21 +/+ ); p21 knockdown (p53 +/+ , p21 -/-); and p53 and p21 double knockdown (p53 -/-, p21 -/-)] were derived from the parental cell line and used to generate xenograft models. Similar to the results obtained in the studies of LS174T and DLD-1 colon cancer xenograft models, the TLR9 agonist showed a significant inhibitory effect on tumor growth (P<0.05), with tumor growth inhibition between 56 and 66% on day 18 days after initiating treatment, depending on the cell line. The control oligo had minimal to modest effects on tumor growth. Neither the expression of p53 nor its downstream target, p21, appears to have an impact on colon cancer tumor growth inhibition induced by TLR9 agonist (Fig. 3) . The parental and double knock-down cells showed almost identical growth inhibition, and the single knockdown (p53 -/-or p21 -/-) cells showed a similar but slightly smaller decrease in tumor growth.
The synthetic TLR9 agonist leads to increased anti-tumor activity when combined with radiation. Two of the HCT116 cell lines with different backgrounds of p53 were used to determine the effects of combining TLR9 agonism with radiotherapy. Although the experiments in the different HCT116 cells indicated that p53 is not involved in the anti-cancer effects of TLR9 agonism, we utilized two of these lines because p53 is known to be involved in the cellular response to DNA damage, including that caused by radiation (33, 39, 40) . In the HCT116 parental (p53 +/+ , p21 +/+ ) tumor model, the TLR9 agonist or radiation treatment alone caused 65% and 60% tumor growth inhibition on day 18, respectively. However, combining the TLR9 agonist with radiation significantly increased the tumor growth inhibition (P<0.01, Fig. 4A ), inhibiting tumor growth by 84%, a 24% increase over radiation alone. In the HCT116 p53 knockdown (p53 -/-, p21 +/+ ) model, combining TLR9 agonism with radiation caused a change from 60 to 77% tumor growth inhibition (P<0.01, Fig. 4B) . In both models, the control oligo had no additional inhibitory effect on tumor growth in radiationtreated animals. Radiation-treated animals had a slight (but not significant) loss in body weight (Fig. 4C and D for the p53 wt and kd cells, respectively). Combining the synthetic TLR9 agonist with radiation therapy did not lead to additional loss of body weight. These results suggest that combining a TLR9 agonist with radiation could provide a novel way to increase the anti-tumor response. It may also allow for the administration of lower doses of radiation, which would greatly improve patient quality of life.
TLR9 is expressed in human colon cancer cells.
Since we observed potent anti-tumor effects in immunocompromised nude mice, it is possible that a complete immune response is not necessary for TLR9-mediated anti-tumor effects. While the immune system has long been thought to be the major mediator of the effects of TLR9 agonists, it is possible that there may be other mechanisms of action for these oligo- nucleotides. We hypothesized that cancer cells themselves are able to respond to TLR9 agonism. We examined several of the cell lines (HCT116 p53 wt and knockout and DLD-1) that were used in the present studies for expression of TLR9. In these cell lines, we observed that both TLR9 mRNA (Fig. 5A) and protein (Fig. 5B) were expressed.
The synthetic TLR9 agonist decreases survival, increases apoptosis and decreases proliferation in colon cancer cells in vitro.
Following our observation of activity in nude mice and based on the fact that colon cancer cells express TLR9, we examined the effects of TLR9 agonism on colon cancer cells in vitro. Two of the colon cancer cell lines used in the present in vivo studies were exposed to increasing concentrations of the TLR9 agonist or control oligo in vitro, with or without the transfection reagent, Lipofectin. These colon cancer cell lines [ Fig. 5C, HCT 116 (p53 wt), Fig. 5D , HCT 116 (p53 knockdown)] demonstrated increased apoptosis, decreased cell proliferation and decreased cell survival following treatment with the TLR9 agonist in the presence of Lipofectin. The control oligo had a modest effect. The fact that Lipofectin increased the in vitro effects suggests that the lipid may In the presence or absence of Lipofectin, cells were incubated with the TLR9 agonist (100 nM) or control oligo (100 nM) for 24 h for measurement of apoptosis and proliferation and for 48 h for evaluation of cell survival. Top panels (cell survival), cells in 96-well plates were exposed to the TLR9 agonist or to the control oligo; the percentage of surviving cells was determined using the MTT assay. Middle panel (apoptosis), cells that stained positive for Annexin V-FITC (early apoptosis) and positive for FITC and propidium iodide (late apoptosis) were counted. Relative levels of apoptotic indices were expressed as a percentage of the Lipofectin control. Bottom panel (proliferation), the effects of the TLR9 agonist and control oligo on the proliferation of cells were determined by BrdUrd incorporation using the same treatment protocol as above.
enhance the delivery of the TLR9 agonist to the endosomal compartment, where TLR9 is localized (10) .
Discussion
While some of the newer colon cancer therapies have shown promising results in preliminary studies, and molecular advances such as the discovery of the Wnt/APC pathway provide a means to individually tailor screening protocols (41, 42) , colon cancer still has a high mortality rate, and new therapeutic approaches are needed. In particular, therapies with minimized side-effects are needed.
TLR9 agonists (including both bacterial preparations and synthetic oligonucleotides) have been used for more than 20 years as therapies for cancer and a variety of other diseases (14) (15) (16) (17) (18) (43) (44) (45) (46) (47) (48) (49) (50) (51) . The effects of TLR9 agonism on the immune system have been well-characterized (5, 9, (11) (12) (13) (23) (24) (25) (26) , and TLR9 agonism has been shown to decrease tumor growth and bring about the rejection of a variety of tumors (14-18, 37,43-45,47) . In the present study, we have demonstrated several important findings. Both the CpG oligo and the novel synthetic TLR9 agonist showed potent anti-tumor effects against various colon cancer xenograft models, although a lower dose of the novel TLR9 agonist was required to achieve the anti-tumor effects. TLR9 agonism improved the efficacy of treatment with conventional chemotherapeutic agents and radiation therapy, without any change in the toxicity profiles of the CpG oligo or TLR9 agonist, chemotherapy or radiotherapy. This demonstrates that TLR9 agonism can be used in combination with conventional cancer therapies to increase tumor destruction. Perhaps the most interesting of our findings, we have demonstrated that TLR9 is expressed in human colon cancer cells, and that in vitro treatment of cells with a TLR9 agonist results in decreased proliferation and cell survival, and increased apoptosis in a dose-dependent manner. It must be kept in mind that these are cultured human cancer cells, which may or may not be representative of human tumors. Future studies of human tumor and normal tissue specimens need to be accomplished to confirm that TLR9 is expressed in colon tumors.
Additionally, although p53 is a molecule integral in numerous processes regulating cell differentiation, apoptosis and the response to DNA damage, and is mutated or inactivated in more than 50% of cancers (29-31,52), it does not appear to play a major role in the apoptosis induced by the synthetic TLR9 agonist. Although p53 knockdown HCT116 cells displayed slightly decreased apoptosis in vitro compared to the p53 wild-type parental cells, the difference was not significant. Since growth was inhibited in p53 wild-type (LS174T and HCT116 parental), mutant (DLD-1) and knockdown (HCT116 p53 -/-) xenograft tumors, expression of p53 does not appear to affect the response to the synthetic agonist. Evaluation of cells with differential expression of p21 WAF1/CIP1 , a gene downstream of p53 that regulates cyclin-dependent kinase function (53) , demonstrated that the TLR9 agonist was effective for inhibiting the growth of both p21 wild-type and knockdown tumors. Thus, neither p53 nor p21 appears to be important for the effects of TLR9 agonism on tumor cells growth.
Although it could be suggested that the nude mouse xenograft models used for our studies could lead us to underestimate the effects of TLR9 agonism, other investigators have previously shown that TLR9 agonists can affect xenograft tumor growth (28, 37, 54) . In our studies, we observed potent anti-tumor effects in all three nude mouse xenograft models of colon cancer that were used. While it is true that nude mice are immunocompromised, they do still possess natural killer cells, dendritic cells, and macrophages, and have been shown to have increased serum cytokine levels following treatment with immunostimulatory and immunomodulatory oligonucleotides (55) (56) (57) . Therefore, it may be that TLR9 agonists can act via the remaining immune cells in the nude mice. On the other hand, it is possible that tumor cells may be directly affected by these agents. We and other investigators have observed that non-immune tissues, including lung cancer cells, express TLR9 (37, 54, 58, 59) . In support of this hypothesis, we demonstrated expression of TLR9 in two cultured human colon cancer cell lines, and that the HCT116 wild-type and p53 knockdown cells are affected by the synthetic TLR9 agonist in vitro, in the presence of Lipofectin, in the absence of any immune cells. These results will need to be examined in-depth in future studies to determine if and how cancer cells and tumors are directly affected by TLR9 agonists.
There have been several pre-clinical studies of CpG oligos in models of colon cancer. However, most of these models have focused primarily on the use of these oligos to stimulate dendritic cells (17, (60) (61) (62) or for use as adjuvants for cancer vaccines (63, 64) . Of the remaining studies, peritumoral and intratumoral injections of CpG oligos were most frequently examined (65) (66) (67) . While effective, this type of therapy is unlikely to be applicable in a clinical setting. Two more recent studies examined combining TLR9 agonists with other conventional cancer therapies (28, 37, 68) . Our results support the observations reported in these publications; showing that there is increased anti-tumor activity, low toxicity and improved survival in animals receiving treatment with a TLR9 agonist in combination with conventional cancer therapy.
In conclusion, we have demonstrated that TLR9 agonism results in potent anti-tumor activity against models of colon cancer, independent of their p53 status. Moreover, combining a TLR9 agonist with conventional anticancer therapies may increase tumor cell death above what can be achieved through the use of either therapy alone. These studies provide a rationale for developing TLR9 agonists for use as therapy against colon cancer, either as monotherapy or in combination with conventional therapies.
